ABSTRACT-Purpose: Atrial fibrillation with rapid ventricular response (RVR) is common during critical illness. In this study, we explore the comparative effectiveness of three commonly used drugs (metoprolol, diltiazem, and amiodarone) in the management of atrial fibrillation with RVR in the intensive care unit (ICU). Methods: Data pertaining to the first ICU admission were extracted from the Medical Information Mart for Intensive Care III database. Patients who received one of the above pharmacologic agents while their heart rate was > 110 bpm and had atrial fibrillation documented in the clinical chart were included. Propensity score weighting using a generalized boosted model was used to compare medication failure rates (second agent prior to termination of RVR). Secondary outcomes included time to control, control within 4 h, and mortality. Results: One thousand six hundred forty-six patients were included: 736 received metoprolol, 292 received diltiazem, and 618 received amiodarone. Compared with those who received metoprolol, failure rates were higher amongst those who received amiodarone (OR 1.39, 95% CI 1.03-1.87, P ¼ 0.03) and there was a trend towards increased failure rates in patients who received diltiazem (OR 1.35, CI 0.89-2.07, P ¼ 0.16). Amongst patients who received a single agent, patients who received diltiazem were less likely to be controlled at 4-h than those who received metoprolol (OR 0.64, CI 0.43-097, P ¼ 0.03). Initial agent was not associated with in-hospital mortality. Conclusions: In this study, metoprolol was the most commonly used agent for atrial fibrillation with RVR. Metoprolol had a lower failure rate than amiodarone and was superior to diltiazem in achieving rate control at 4 h.
INTRODUCTION
Atrial fibrillation is common among critically ill patients in the intensive care unit (ICU) and has been associated with increased mortality (1) . In one large epidemiologic study, atrial fibrillation was found in 25.5% of 60,209 hospitalizations for sepsis (2) . Rapid ventricular response (RVR), a potential sequela of atrial fibrillation that can lead to hemodynamic instability, may be triggered by the high-sympathetic state of critical illness as well as by catecholamine-based vasopressor agents and volume resuscitation (3) . Atrial fibrillation with RVR leads to loss of atrial kick, shortened ventricular filling time, increased myocardial oxygen demand, and potentially tachycardia-induced cardiomyopathies (4) .
To date, the optimal pharmacologic approach to atrial fibrillation with RVR in the ICU has not been well defined. Several small studies have attempted to compare various rate and rhythm control agents with mixed results (5, 6) . In a recent retrospective, propensity-matched analysis of a large administrative database, calcium channel blockers (CCB) were identified as the most frequently used class of intravenous pharmacologic agents for atrial fibrillation during sepsis (7) . Beta-blockers, however, were associated with improved hospital mortality when compared with CCBs, digoxin, and amiodarone. No study has directly compared the commonly used pharmacologic agents metoprolol, diltiazem, and amiodarone with regard to their effectiveness in atrial fibrillation with RVR in the ICU.
In the present study, we leverage a high temporal resolution ICU database (including time-stamps of medication administration) and a propensity score technique with a generalized boosted model to compare intravenous amiodarone, metoprolol, and diltiazem with regards to rate control of atrial fibrillation with RVR in a large cohort of critically ill patients.
PATIENTS AND METHODS

Study population
The study population was drawn from the Medical Information Mart for Intensive Care (MIMIC-III) database, an initiative from the Laboratory of Computational Physiology at Massachusetts Institute of Technology (MIT) and Beth Israel Deaconess Medical Center (BIDMC). MIMIC-III contains data from 32,810 adult patients who were admitted to surgical or medical ICUs at BIDMC. The database contains high temporal resolution data from information systems, including bedside monitors, laboratory system, electronic documentation of clinical notes and nursing flow sheets, hospital administrative data and Social Security death records, for patients admitted to a BIDMC ICU between 2001 and 2012 (8) . The use of the MIMIC III database for research is approved by the Institutional Review Boards of BIDMC and MIT.
To identify those patients with atrial fibrillation and RVR in the dataset, we explored both structured and unstructured data. Specifically, structured data included heart rate (HR) and nursing medication administration documentation. Unstructured data included clinician progress notes and discharge summaries. We used the HR as captured by the bedside monitor, extracted as an eight-beat median rate by a software and verified by nurses, to identify patients who had a HR over 110 beats per minute (bpm) for more than 15 min (n ¼ 14,303). We arbitrarily chose a 15-min duration as a significant episode of rapid HR to reduce the noise from transient tachycardia or artifact. Only the first episode of HR >110 bpm was evaluated for inclusion in the analysis. After identifying an episode of rapid HR, we next determined whether the patient received an intravenous pharmacologic agent of interest (metoprolol, diltiazem, or amiodarone) within 2 h of the identified episode. The 2-h window was used because medication data and HR data come from different information systems, and the time stamps may not perfectly align. Furthermore, the time stamps for medications are subject to inaccurate manual data entry at the time of drug administration. This window was arbitrarily determined; a smaller window would increase specificity but decrease the sensitivity for identifying the cohort. A total of 2,865 patients were identified. Of these 2,865 patients, 1,719 had mention of ''atrial fibrillation,'' ''afib,'' ''afib,'' ''atrial fib,'' ''atrial fib/flutter,'' ''atrial fibrillation/flutter'' in their hospital discharge summary. Finally, 73 patients never achieved sustained rate control prior to death or discharge from the ICU and were excluded. One thousand six hundred forty-six patients comprised the final study cohort (Fig. 1) .
Raw data was extracted from MIMIC using the Oracle version of SQL and was further processed using Python (for analysis of free text data) and MatLab (for processing and visualizing serial HR data and establishing temporal relationship between RVR and medication administration). Covariates, including patient demographic information, other vital signs, laboratory results, past medical history, home medications prior to admission, disease severity score, type of admission, and types of ICU, were extracted using SQL.
Outcomes
The primary outcome was medication ''failure'' as defined by the use of a second agent prior to the end of the RVR episode. Second agents were not limited to metoprolol, diltiazem, and amiodarone but also included digoxin, ibutilide, esmolol, procainamide, and propafenone. Secondary outcomes included the overall duration of RVR when only one pharmacologic agent was used, rate control within 4 h, increase in vasopressor requirement, and inhospital mortality.
The resolution of the RVR episode was defined as sustained HR below 110/ min for at least 4 h, based on the approximate half-life of intravenous metoprolol and diltiazem (9) . The algorithm identifies the start of the RVR as the time the HR exceeded >110 bpm and the end when the HR went below 110 bpm for at least 90% of the recorded measurements.
Data visualization techniques were employed to assist in verifying the RVR episode as well as its duration. An example of one episode of RVR is shown in Figure 2 .
Statistical analysis
A machine-learning algorithm (generalized boosted model) was employed to build a regression tree for the estimation of propensity score (a non-parametric method). The model iteratively combined many simple regression trees until the predetermined metrics (standardized bias or Kolmogorov-Smirnov statistics) for assessing between group pretreatment covariate imbalance reached a minimum. This method has been previously employed in implementing propensity score weighting in studies with multiple treatment groups (10) . Included covariates were selected based on clinician consensus.
After the propensity score weight was generated, weighted regression was performed, which allowed for exploring interaction terms and adjusting for variables that had heavier effects on the outcomes that could not be fully eliminated by using propensity score alone. Depending on the nature of the outcome variable, weighted logistic regression was used for binary outcomes, and weighted liner regression was used for continuous outcomes. Stabilized weights were used to eliminate extreme weights. All covariates included in the model and results of the propensity weighting are reported in the Supplementary Table (e1, http://links.lww.com/SHK/A575). An a<0.05 was considered statistically significant.
In general, propensity score analysis has been used to compare two treatment groups, i.e., treatment versus control group. Stratification (using propensity score as a covariate in regression model) and propensity score matching (creating treatment and control group of similar pretreatment attribute and thus mimicking randomized trials) are two common uses of propensity scores. However, stratification (conventional regression model) typically leads to imbalanced strata at both ends of the groupings. Propensity score matching excludes subjects without a match and may introduce bias by doing so. In addition, matching propensity scores of three or more treatment groups requires calculating two or more dimensional distances for each matched group of subjects, which can be mathematically challenging and lacks supporting theory. Therefore, we chose machine-generated regression trees for our propensity score, optimizing the balance of covariates across the groups, and used a propensity score weighted regression model for outcome effect. This nonparametric approach avoided the limitations and biases introduced by model specification when using parametric methods.
Sensitivity analysis
Patients initially admitted to the cardiovascular surgery ICU (CVICU) were more likely to receive amiodarone as their first pharmacologic agent as compared with patients admitted to other ICUs. Further, this group of patients may represent a unique subgroup of patients with different pathophysiology as it relates to atrial fibrillation with RVR. As such, a sensitivity analysis was performed excluding patients whose initial ICU disposition was the CVICU.
RESULTS
A total of 1,646 patients were included in the final study cohort. Of these, 736 received intravenous metoprolol, 292 received intravenous diltiazem, and 618 received intravenous amiodarone. To review the baseline characteristics of patients in each group, please refer to Table 1 .
Primary outcome
Compared with patients who received metoprolol as their initial pharmacologic agent, patients who received amiodarone (OR 1.39, CI 1.03-1.87, P ¼ 0.03) as their initial agent were more likely to require the addition of a second agent prior to the end of the RVR episode. Amongst patients who initially received diltiazem, there was a trend towards increased failure rates as compared with patients who initially received metoprolol (OR 1.35, CI 0.89-2.07, P ¼ 0.16).
Secondary outcomes
A total of 1,207 patients received only a single pharmacologic agent while in atrial fibrillation with RVR. Of those, 567 (47.0%) received metoprolol, 204 (16.9%) received diltiazem, Patients who initially received amiodarone were more likely to have been receiving vasopressors prior to drug administration and were more likely to have required an increase in dose of vasopressor or the initiation of a new vasopressor as compared with metoprolol (OR 3.34, CI 1.67-6.70, P < 0.01). There was no difference with regard to change in vasopressors requirement when metoprolol was compared with diltiazem. Overall in-hospital mortality was highest for patients who received diltiazem as their initial pharmacologic agent (24.0% vs. 19.7% for amiodarone and 20.4% for metoprolol) however the difference did not reach statistical significance in the adjusted model.
Sensitivity analyses
Of the 1,646 patients included in the study, 694 (42.2%) were admitted initially to the CVICU. Of those patients initially admitted to ICUs other than the CVICU (n ¼ 952), those who initially received diltiazem were more likely to require the addition of a second agent when compared with those who initially received metoprolol (OR 1.76, CI 1.06-2.91, P ¼ 0.03). There was no difference in ''medication failure'' rate when metoprolol was compared with amiodarone (OR 1.19, CI 0.68-2.09, P ¼ 0.53). Among patients who received only a single pharmacologic agent, those patients who received diltiazem had a trend towards longer durations of RVR as compared with those who received metoprolol (396.8 AE 61.4 min vs. 291.4 AE 29.1 min, P ¼ 0.09) and were less likely to be controlled at 4 h (OR 0.43, CI 0.25-0.74, P < 0.01).
DISCUSSION
In a large population of critically ill patients with atrial fibrillation and RVR, metoprolol was the most commonly used agent. Medication ''failure,'' defined as the use of a second pharmacologic agent prior to the end of the RVR episode, was more common in patients who received amiodarone as compared with those who received metoprolol. Among patients who received only a single agent, those who received intravenous metoprolol were more likely to be controlled at 4-h than those who received diltiazem. Excluding patients in the CVICU, patients who received metoprolol had a lower medication ''failure'' rate and were more likely to be controlled at 4-h as compared with those who received diltiazem. In-hospital mortality did not differ based on the initial choice of agent.
Atrial fibrillation with RVR is common during critical illness as patients are frequently exposed to high sympathetic tone, intravenous catecholamines, and large fluid shifts (4) . Although it is generally accepted that atrial fibrillation with RVR is associated with worse outcomes in critically ill patients, there is no standard treatment strategy and practice varies across providers. A number of small, single-center trials have compared intravenous metoprolol and diltiazem for the control of atrial fibrillation with RVR in the emergency department (ED). In contrast to the results presented here, these studies have favored diltiazem as a more efficacious agent for slowing heart rate (11, 12) . One ED study compared diltiazem, amiodarone, and digoxin. That study found that diltiazem was superior in both time to control and number of patients controlled (13) . Similarly, in a trial comparing diltiazem and digoxin in the ED, diltiazem achieved control faster than digoxin (14) . In contrast, a number of small studies outside the ED suggest beta-blocking agents are superior to CCBs for rate control (15) (16) (17) . Only one study has directly compared amiodarone with diltiazem in a critically ill ICU population. In that trial, diltiazem was found to provide better heart rate control but was more likely to lead to hypotension (18) . Recent reviews exploring the management of atrial fibrillation in the ICU have concluded that there is insufficient evidence to select one pharmacologic agent over another in most circumstances (5, 6, 19) .
Most recently, Walkey et al. (7) explored practice patterns and outcomes in the treatment of atrial fibrillation during sepsis using a large, administrative database. Among nearly 40,000 patients, the investigators found that CCB were the most commonly used intravenous medication. In a propensity-matched analysis, those patients who received beta-blockers had a lower mortality when compared with CCBs, digoxin, and amiodarone (7) . While that study drew from a nationwide sample and therefore has good generalizability, the physiologic variables used in generating the propensity scores were taken from the day of admission and not from the time of atrial fibrillation onset. Further, due to the nature of the administrative data, the authors were unable to focus on ventricular rate during atrial fibrillation and could only compare overall mortality rates. Leveraging the high-resolution of the MIMIC III database, our propensity score draws from data at the time of the event of interest and allows for analysis of proximal outcomes.
Encouragingly, despite differences in methodology, variables available for analysis, and primary outcomes the present study and the study by Walkey et al. reached similar conclusions (i.e., metoprolol may have advantages over diltiazem and amiodarone). Given concerns about reproducibility in science (20) , cross-validation of results using different databases and different methodologies is critical. Still, despite the promise of ''Big Data'' to fuel knowledge creation where randomized trials are not feasible or too expensive, there are inherent limitations to the secondary analysis of electronic health records (e.g., missing data, limited number of available confounders etc) and the findings presented here should be further evaluated using prospective techniques.
The strengths of our study include the relatively large sample size, use of high temporal resolution ICU data, and a sophisticated propensity score weighting analysis. Our study, however, has a number of limitations. Foremost, we did not include medication dosage in our analysis. Further, the MIMIC III database does not reliably include time-stamps of oral drug administration and, therefore, only parenterally administered drugs were considered in this study. Electrocardiogram waveform analysis at the time of RVR was not available for the majority of patients thus we were not able to distinguish between rate and rhythm control. Likewise, the use of electrocardioversion was not included in the analysis. Given that the management of atrial fibrillation with RVR in the ICU includes non-pharmacologic supportive measures (e.g., fluid resuscitation, electrolyte repletion), we rely on the clinical judgement of the prescribing physician with regards to the need for pharmacologic agents. Finally, the single center nature of the study limits generalizability and we encourage the replication of this study in a multicenter database.
CONCLUSIONS
In this secondary analysis of electronic health data from the high temporal resolution MIMIC III database, metoprolol was the most commonly used pharmacologic agent for control of atrial fibrillation with RVR in the ICU. Metoprolol had a lower ''failure'' rate as compared with amiodarone and was more likely than diltiazem to achieve rate control at 4 h. There was no significant difference in hospital mortality based on choice of initial agent.
